contribution of each of these to p75NTR-dependent cell
contribution of each of these to p75NTR-dependent cell death in appropriate physiological settings remains a major challenge. To gain insights into p75NTR function, two-hybrid analyses were used to identify p75NTR interactors and a novel p75NTR interacting protein termed NRAGE was identified. NRAGE binds p75NTR in vitro and p75NTR and NRAGE can be coimmunoprecipitated from untransfected cells that endogenously express both proteins. The subcellular distribution of NRAGE is altered by NGF binding to p75NTR, and overexpression of NRAGE disrupts the physical association of p75NTR with TrkA. NRAGE facilitates growth arrest and is required for p75NTR-dependent apoptosis in sympathetic precursor cells. These data show that NRAGE is an important mediator of p75NTR signaling and provide new insights into the physiological roles of MAGE family members.
Results
A whole mouse E13-E15 yeast two-hybrid library was screened using the entire rat p75NTR intracellular domain as bait, and a single 0.9 kb clone that activated both LacZ and HIS3 transcription in the presence of the p75NTR bait was identified. This cDNA fragment was used to screen a rat neural crest cell cDNA library, and the largest clone identified (2.9 kb) was sequenced. This clone hybridized with a single 3.0 kb mRNA on Northern blots (data not shown) and therefore represents a near full-length cDNA. The largest open reading frame is 2328 nucleotides in length and encodes a 775 amino acid protein with a predicted molecular weight of 85,792 Da. We have named this protein NRAGE for neurotrophin receptor-interacting MAGE homolog (see below). The cDNA fragment identified in the two-hybrid screen encodes a 300 amino acid fragment and was designated Figure 2B shows that NRAGE-GST readily has been implicated in cell cycle control. Necdin and several other MAGE family members consist of little bound the MBP-ICD fusion protein but failed to associate with MBP-DD, indicating that the critical binding demore than the MAGE homology domain but others (nM15, MAGE-like, and KIAA1114) are larger proteins terminants for NRAGE association are in the p75NTR juxtamembrane domain. To test whether full-length NRAGE and show loose homology to NRAGE across most of its length (data not shown). A dendrogram showing the interacts with intact p75NTR when both are overexpressed in vivo, full-length Myc-tagged NRAGE was relatedness of the NRAGE MAGE homology domain to others in the family in shown in Figure 1B . NRAGE shows transfected into COS7 cells in the presence or absence of p75NTR, and lysates were immunoprecipitated with no significant homologies to proteins outside of the MAGE family but contains an unusual interspersed re-MC192, a p75NTR-specific monoclonal antibody. Figure  2C shows that NRAGE specifically coimmunoprecipipeat consisting of 25 hexameric units with a WQXPXX consensus sequence ( Figure 1A) . tated with MC192 but only when p75NTR was present. We were concerned that these overexpression paraTo verify the p75NTR-NRAGE interaction biochemically, in vitro pulldown assays were performed. sion. Figure 2D shows that endogenous NRAGE was specifically coimmunoprecipitated with p75NTR from was fused to GST and used in pullouts with maltose PC12nnr5 cells, indicating that p75NTR and NRAGE incord. To examine NRAGE expression at later stages of teract under physiological conditions. development, affinity-purified NRAGE antibodies were To examine the embryonic expression of NRAGE used to immunoblot tissue extracts prepared from E18 mRNA, whole-mount in situ hybridization studies were rat embryos and from adult rats. Figure 3B shows that performed on rat embryos at embryonic age E11.5 using extracts from all E18 tissues show detectable levels of cDNA probes corresponding to the 5Ј-untranslated re-NRAGE expression, with highest levels within the cortex gion of the rat NRAGE cDNA. Figure 3A shows that and cerebellum. However, by adulthood, NRAGE levels NRAGE is expressed at low levels throughout the emhave decreased markedly in all tissues and are detectbryo and is enriched in the developing brain and spinal able only within cortex and lung. To determine if NRAGE and p75NTR are colocalized in the developing nervous system, double-label immunofluorescence studies were performed on E14 rat. Figures 4A and 4B show staining of the developing medulla oblongata with affinity-purified NRAGE antibodies compared to control antibodies and shows NRAGE is highly expressed in the proliferating and marginal zones but excluded from the mantle zone ( Figures 4A and 4C ). p75NTR is not expressed within the proliferating zone but is abundant in the marginal and mantle zones ( Figure  4D ), and p75NTR and NRAGE are therefore initially coexpressed in the mantle zone, a region where p75NTR has been shown to mediate developmental apoptosis (Frade and Barde, 1999). p75NTR and NRAGE coexpression is also observed in many other regions of the developing nervous system, including the trigeminal and dorsal root sensory ganglia (data not shown) and within the facial motor nucleus ( Figures 4E and 4F ). In motoneurons, p75NTR is present on both cell bodies and processes of the cells, whereas NRAGE is detected only within cell , the NRAGE fragment originally but in cells expressing the NRAGE-EGFP fusion, the BrdU labeling rate dropped below 5%-10% at each of identified in the yeast two-hybrid screen. p75NTR was immunoprecipitated and immune complexes were exthe three time points, indicating that NRAGE overexpression strongly retards cell cycle progression. amined for the presence of TrkA by immunoblotting. When only TrkA and p75NTR were coexpressed, TrkA
Double-label immunocytochemistry was performed using affinity-purified antibodies directed against NRAGE (A, D, and F) and using MC192, a p75NTR-specific monoclonal antibody (E and F). (A) through (D) show NRAGE and p75NTR within E14 medulla oblongata ([C] and [D] approximate the boxed area shown in [A]) and (E) and (F) show NRAGE and p75NTR within the E14 facial motor nucleus. (B) was stained with purified nonspecific rabbit
To test if NRAGE plays a role in p75NTR-mediated cell death, we used native MAH cells, a sympathoadreadily coimmunoprecipitated with p75NTR, but expression of the NRAGE fragment with the two receptors renal cell line that lack p75NTR and TrkA receptors, or MAH p75NTR cells, which stably overexpress the receptor consistently prevented coimmunoprecipitation of TrkA with p75NTR ( Figure 6 ). We made rigorous attempts to ( Figure 8A ). In the absence of added neurotrophin, NRAGE overexpression had no effect on the viability of identify endogenous or epitope-tagged full-length NRAGE or NRAGE 410-709 within TrkA immunoprecipitates and MAH cells or MAH p75NTR cells, and NGF treatment of MAH cells overexpressing NRAGE did not affect survival. within p75NTR-TrkA coimmunoprecipitates derived from several transfected cell lines, but NRAGE was not However, MAH p75NTR cells that were transfected with NRAGE cDNA and exposed to NGF showed a highly detected within the coimmunoprecipitates (data not shown). This indicates that p75NTR is capable of formsignificant reduction in survival ( Figure 8B ), which was accompanied by DNA nucleosomal laddering, a bioing independent complexes with TrkA or NRAGE but that a tripartite complex containing all three molecules chemical hallmark of apoptosis (data not shown). BDNF and NT-3 had no effect on the survival of these cells, is not formed. Coulson, E.J., Reid, K., Barrett, G.L., and Bartlett, P.F. (1999). p75 neurotrophin receptor-mediated neuronal death is promoted by
